how the conserved TPX2 protein family contributes to spindle assembly.
Results

TPXL-1 Is a TPX2 Ortholog in C. elegans Embryos
To find a C. elegans ortholog for TPX2, we screened through genes required for spindle assembly. We identified an uncharacterized gene ORF (Y39G10AR.12) required for spindle assembly, which was initially reported in a Chromosome I RNA interference (RNAi) screen (Fraser et al., 2000) . After RNAi of this gene, the separated centrosomes collapse together shortly after nuclear envelope break down (NEBD) and fail to form a robust spindle ( Figures 1A and 1B) . We name this gene tpxl-1 (TPX2-like, for reasons stated below).
Sequence alignment with TPX2 showed homology within the N terminus (residues 1-60) ( If TPXL-1 is an ortholog of TPX2, then it should also stimulate the kinase activity of AIR-1. We found that addition of TPXL-1(1-63) dramatically increased the phoshorylation of Histone H3 by AIR-1 kinase, whereas the TPXL-1(1-63) mutant proteins had no effect ( Figure  2D ). Therefore, we conclude that TPXL-1 binds to and activates Aurora A kinase and that TPXL-1 is an ortholog of vertebrate TPX2.
Interaction of TPXL-1 with AIR-1 Is Required for Spindle Assembly
In human cells, TPX2 is required to localize Aurora A to spindles (Kufer et al., 2002) . To test whether C. elegans TPX2 is also required to localize C. elegans Aurora A, we raised and affinity-purified antibodies to TPXL-1. On Western blots, Anti-TPXL-1 antibodies recognized a single band of approximately 75 kDa that disappeared in tpxl-1(RNAi) worm lysate (see Figure S1A in the Sup- Figure 3B) .
TPXL-1 was still detected on microtubules (
Is the main function of TPX2 in spindle assembly to interact with Aurora A? The consequences of depleting TPXL-1 on spindle assembly may reflect both AIR-1-lapsed with a similar profile as TPXL-1-depleted embryos ( Figures 4B and 4C) . Furthermore, depletion of dependent and AIR-1-independent functions. To specifically analyze AIR-1-dependent functions, we gener-TPXL-1 prevents AIR-1 localization on spindle and astral microtubules and leads to AIR-1 collapse into the ated transgenes expressing either wild-type TPXL-1 or the N-terminal mutant that does not interact with AIR-1 same domain of the centrosome as γ-tubulin ( Figure  3A) . Similarly, in the presence of the mutated transgene, (see Figures 2C and 2D ). To specifically remove endogenous TPXL-1 function, the introduced transgenes after RNAi of the endogenous tpxl-1 gene, AIR was no longer detected on microtubules or the peripheral were engineered to be resistant to RNAi by insertion of silent mutations in the N terminus ( Figure 4A ). Indeed, centrosomal region but was collapsed to the inner centrosomal region ( Figure 4D ). Thus, the interaction beimmunoblotting of wild-type and mutant transgenic worms showed that tpxl-1(RNAi) specifically depleted tween TPXL-1 and AIR-1 targets AIR-1 to the microtubules. The specificity of this experiment suggests that the endogenous TPXL-1 without affecting RNAi-resistant forms ( Figure S1B ). In the presence of the wildan essential function of TPXL-1 is to target AIR-1 to the spindle microtubules. type transgene, RNAi of the endogenous tpxl-1 gene did not affect expression of the transgene and the spinTo confirm this idea, we compared the phenotypes of TPXL-1 and AIR-1 depletion by RNA interference. dle collapsed only slightly ( Figures 4B and 4C ). In the presence of the mutated transgene, RNAi of the endog-AIR-1 is required for cell polarity, centrosome maturation, maintenance of separated centrosomes after enous tpxl-1 gene did not affect expression of the transgene ( Figure 4B ) but the spindle completely col-NEBD, formation of a robust microtubule aster, spindle Figures 1A and 1B) , and centrosome maturation (Figures S2A and S2B) were normal after depletion of bly of a mitotic spindle. TPXL-1. In both wild-type and tpxl-1(RNAi) embryos, γ-tubulin accumulated with similar rates (Figure S2A The Role of TPXL-1 in Spindle Assembly Is Independent of Chromatin-Stimulated and S2B). Although this result suggested that centrosome maturation was normal, formation of a robust asMicrotubule Assembly Why do spindles collapse after depletion of TPXL-1? ter was defective after depletion of TPXL-1 ( Figure  S2C ). The phenotypic differences between tpxl-1(RNAi)
In Xenopus egg extracts, TPX2 stimulates chromatindependent microtubule nucleation in a Ran-GTP-depenand air-1(RNAi) could represent weakened AIR-1 activ- Figure S4B ). Thus, the spindle collapse in tpxl-(RNAi) resulted in loss of all meiotic spindle TPXL-1 1(RNAi) embryos is mediated by kinetochores pulling staining, but meiotic spindle morphology was indistinthe poles toward the chromosomes. guishable from wild-type embryos ( Figure S3B ). ThereTo check that the spindle collapse in TPXL-1-depleted fore, we conclude that inhibition of chromatin-stimembryos occurs by destabilization of kinetochoreulated microtubule nucleation is unlikely to be the origin attached microtubules and not by overlapping antiof the spindle collapse observed in TPXL-1-depleted parallel microtubules emanating from opposite spindle embryos. This suggests that the mechanism of spindle poles, we analyzed spindle formation in tpxl-1(RNAi) stabilization by TPXL-1 is different from that of TPX2 in monopolar spindles. To generate monopolar spindles, Xenopus extracts.
Kinetochore Microtubules Form
we used a zyg-1(b1) mutant in which centrosome duplication fails (O'Connell et al., 2001). These mutants TPXL-1 Is Not Required for Generation make half spindles and therefore have no overlapping of Astral Forces antiparallel microtubules. However, spindles still colBecause TPXL-1 is not required for microtubule assemlapse in tpxl-1(RNAi);zyg-1 double mutants ( Figure 6D ). bly around chromatin, we searched for an alternate explanation for the observed spindle-collapse phenotype. During spindle assembly, a balance of outward and inAbnormal Microtubule Behavior at Spindle Poles in tpxl-1(RNAi) Embryos ward forces exerted on spindle poles controls spindle length. One possibility is that TPXL-1 contributes to Why are kinetochore microtubules unstable in tpxl-1(RNAi)? Aurora A is localized at spindle poles, sugcortical pulling forces, transmitted by astral microtubules. In this idea, kinetochore-mediated pulling forces gesting that defects in spindle-pole organization could contribute to a lack of kinetochore microtubule stability. would dominate over weakened astral pulling forces, resulting in spindle collapse. To test if the astral pulling To investigate microtubule behavior at spindle poles, we utilized EBP-2::GFP (an EB1 homolog that specificforces are active in tpxl-1(RNAi) embryos, we performed spindle-severing experiments with a UV laser ally decorates growing microtubule ends; Srayko et al., 2005). We first examined microtubule nucleation rates. (Grill et al., 2001) . In wild-type embryos, astral forces pull spindle poles apart after laser-mediated spindle Surprisingly, we found that the microtubule nucleation rate in tpxl-1(RNAi) embryos was not significantly difsevering (Figures 5A-5C ). In TPXL-1-depleted embryos, the spindle poles separated from each other with peak ferent from wild-type embryos (90 ± 12% of wild-type metaphase nucleation rates; p = 0.25; Figure 7A ) develocities comparable to wild-type ( Figure 5C ) and the final positions of the centrosomes postablation were spite a reduced microtubule intensity at spindle poles ( Figure S2C ). This suggested that the decrease in similar to wild-type (Figures 5A and 5B) . From these results, we conclude that astral forces are not affected microtubule levels at centrosomes in tpxl-1(RNAi) results from a lack of persistence and/or stability of nuby the depletion of TPXL-1. cleated microtubules rather than a defect in microtugrade EBP-2::GFP movements in bipolar spindles (Figure 7C , yellow dot) and monopolar spindles (see Movie bule nucleation.
We also noticed an increase in the frequency of EBP-S21) of tpxl-1(RNAi) embryos, although it was not feasible to quantify the number due to a high density of 2::GFP dots exhibiting a switch from anterograde movement (growth away from centrosomes) to retro-EBP-2 dots in the spindle. The increased frequency of these movements in tpxl-1(RNAi) embryos suggests grade movement (movement toward centrosomes) (see Movie S20). The switch occurs at low frequency in wildthat the spindle-collapse phenotype observed may arise from a loss of microtubule minus-end stability type (see Movie S19). Because EBP-2::GFP only associates with growing microtubule plus ends, retrograde near the centrosomes. movements are thought to be a consequence of detached microtubule minus ends (Srayko et al., 2005) . In Discussion tpxl-1(RNAi) embryos, we observed a 6-fold increase in retrograde movements in astral microtubules comThe data presented here provide two key pieces of evidence that identify the first ortholog of TPX2 in invertepared to wild-type ( Figure 7B) . We also observed retro- Giet, R., Uzbekov, R., Cubizolles, F., Le Guellec, K., and Prigent,
